Local thyroid hormone catabolism within the mediobasal hypothalamus (MBH) by thyroid hormone-activating (DIO2) and -inactivating (DIO3) enzymes regulates seasonal reproduction in birds and mammals. Recent functional genomics analysis in birds has shown that long days induce thyroid-stimulating hormone production in the pars tuberalis (PT) of the pituitary gland, which triggers DIO2 expression in the ependymal cells (EC) of the MBH. In mammals, nocturnal melatonin secretion provides an endocrine signal of the photoperiod to the PT that contains melatonin receptors in high density, but the interface between the melatonin signal perceived in the PT and the thyroid hormone levels in the MBH remains unclear. Here we provide evidence in mice that TSH participates in this photoperiodic signal transduction. Although most mouse strains are considered to be nonseasonal, a robust photoperiodic response comprising induced expression of TSHB (TSH ␤ subunit), CGA (TSH ␣ subunit), and DIO2, and reduced expression of DIO3, was observed in melatonin-proficient CBA/N mice. These responses could not be elicited in melatonin-deficient C57BL/6J, but treatment of C57BL/6J mice with exogenous melatonin elicited similar effects on the expression of the abovementioned genes as observed in CBA/N after transfer to short-day conditions. The EC was found to express TSH receptor (TSHR), and ICV injection of TSH induced DIO2 expression. Finally, we show that melatonin administration did not affect the expression of TSHB, DIO2, and DIO3 in TSHR-null mice. Taken together, our findings suggest that melatonin-dependent regulation of thyroid hormone levels in the MBH appears to involve TSH in mammals.
O
rganisms living outside the tropics detect and predict seasonal changes in day length (photoperiod) to adapt various metabolic and behavioral functions to the environment. This mechanism, called photoperiodism, allows animals to control the timing of reproduction so that they can raise their offspring in spring and summer when food is most abundant. Among vertebrates, birds possess a highly sophisticated photoperiodic mechanism and show robust responses to photoperiodic changes. Taking advantage of the elaborate avian photoperiodic system, we have recently revealed the gene cascade regulating the photoperiodic response of reproduction in Japanese quail (Coturnix japonica) by using a functional genomics approach (1, 2) . Exposure to long days induced thyroid-stimulating hormone (TSH), a heterodimer of the TSH ␤ subunit (TSHB), and the common glycoprotein ␣ subunit (CGA, also called TSH ␣ subunit), in the pars tuberalis (PT) of the pituitary gland. TSH triggers the expression of type 2 iodothyronine deiodinase (DIO2) in the ependymal cells (EC) lining the ventrolateral walls of the third ventricle (i.e., the infundibular recess) within the mediobasal hypothalamus (MBH). DIO2 is a thyroid hormoneactivating enzyme that converts the prohormone thyroxine (T 4 ) to bioactive triiodothyroine (T 3 ). Induction of DIO2 causes local increases in T 3 concentration in the MBH under long-day conditions (3) . Furthermore, the expression of thyroid hormoneinactivating enzyme, type 3 deiodinase (DIO3), in the EC has been shown to be induced under short-day conditions and to be suppressed under long-day conditions (4) . This reciprocal switching between induction of DIO2 and DIO3 seems to fine-tune the thyroid hormone concentration within the MBH. Photoperiodic changes in DIO2 and DIO3 expression and T 3 concentration within the MBH have been confirmed in various vertebrate species, including quail (3, 4), sparrows (5), rats (6), hamsters (5, (7) (8) (9) (10) (11) , goats (12) , and sheep (13) , and are understood to play a critical role in the control of seasonal reproduction (2, 14) . Although the responses of DIO2 and DIO3 to photoperiodic changes appear conserved among various species, the signal transduction pathway regulating DIO2 and DIO3 appears to differ between birds and mammals. In mammals, light stimuli are perceived by the eye and transmitted to the pineal gland via a multisynaptic pathway including the retinohypothalamic tract, the suprachiasmatic nucleus (SCN), and the sympathetic nervous system. Under the control of this pathway, the pineal organ synthesizes and secretes melatonin during the dark phase (15, 16) . The duration of melatonin secretion encodes the length of the dark phase and thus regulates various seasondependent functions and behaviors such as reproduction, body weight, and coat color. Pinealectomy eliminates these melatonindependent photoperiodic responses (17, 18) . In contrast to mammals, melatonin has little effect on seasonal reproduction in birds (19) , which perceive light information for the photoperiodic regulation of reproduction by deep brain photoreceptors. Although melatonin regulates photoperiodic DIO2 and DIO3 expression in the EC of the MBH in mammals (7) (8) (9) (10) (11) , melatonin receptor expression could not be found in the EC (20, 21) . Melatonin receptors are, however, expressed in high density by the thyrotroph cell type in the mammalian PT (22) (23) (24) (25) , and photoperiodic regulation of TSH in the PT has been known for several decades (26, 27) . Nevertheless, the functional significance of TSH derived from the PT remains unclear in mammals. In this study, we first show that laboratory mouse strains may represent valuable animal models for studying photoperiodism when using gene expression as a marker. By investigating TSHR-KO mice (28), we show that melatonin-dependent regulation of DIO2 and DIO3 expression involves TSH signaling.
Results
Photoperiodic Response of Melatonin-Proficient CBA/N and Melatonin-Deficient C57BL/6J Mice. We examined the effect of changing day length on testicular size and TSHB, CGA, DIO2, and DIO3 expression in melatonin-proficient CBA/N and melatonindeficient C57BL/6J mice. Within the 2 weeks of exposure to changing day length, testicular length did not differ between short-day (8 h light 16 h dark: 8L16D) and long-day (16L8D) conditions in either mouse strain (supporting information (SI) Fig. S1 ) (Mann-Whitney U test, P Ͼ 0.05, n ϭ 5). In contrast, significant induction of TSHB, CGA, and DIO2 expression and reduction of DIO3 expression were observed in CBA/N mice under long day conditions (Mann-Whitney U test, P Ͻ 0.05, n ϭ 4-5) (Fig. 1A) , whereas the expression of these genes did not change in C57BL/6J mice irrespective of whether they were kept under short-or long-day conditions (Mann-Whitney U test, P Ͼ 0.05, n ϭ 4-5; Fig. 1B ).
Effects of Melatonin Injections in C57BL/6J Mice. Because C57BL/6J mice are known to express melatonin receptors in the PT (29, 30) , we next examined the effect of melatonin injections on gene expression in C57BL/6J mice to test whether C57BL/6J mice are capable of responding to the melatonin signal. As a result, expression of TSHB, CGA, and DIO2 was suppressed, whereas DIO3 expression was induced by melatonin administration (Mann-Whitney U test, P Ͻ 0.05, n ϭ 4-5; Fig. 2 ).
Induced Expression of DIO2 by ICV Injection of TSH.
To evaluate whether TSH is involved in the control of DIO2 expression in mice, we first examined the expression site of TSHR. We found expression of TSHR in the EC lining ventrolateral walls of the third ventricle and in the PT (Fig. 3A) , as has also been shown in Japanese quail (1) . There was no difference in the expression levels of TSHR in the EC and PT between short-day and long-day conditions (unpublished data). We then examined the effect of single ICV injection of TSH into the third ventricle of C57BL/6J mice kept under short-day conditions. Induction of DIO2 expression by TSH was observed in the EC in a dose-dependent manner (one-way ANOVA, F (3, 44) ϭ 8.01, P Ͻ 0.01, Scheffé post hoc test, n ϭ 9-13; Fig. 3B ). Because the basal expression of DIO3 in the C57BL/6J mice was very low, a suppressive effect of TSH on DIO3 expression could not be shown.
Absence of Effects of Melatonin Administration in TSHR-Null Mice.
To verify whether TSH mediates the melatonin-dependent regulation of thyroid hormone levels in the MBH, we examined the effect of melatonin administration in TSHR-KO mice. The TSHR-KO mice received thyroid powder replacement therapy to maintain viability. This treatment has been proven to keep 
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serum thyroid hormones within a physiological range (28) . Melatonin administration suppressed the expression of TSHB and DIO2 and induced the expression of DIO3 in wild-type and heterozygous mice (Mann-Whitney U test, P Ͻ 0.05, n ϭ 6-12; Fig. 4 Top and Middle). In contrast, melatonin treatment did not inf luence the expression of these genes in homozygous TSHR-KO mice (Mann-Whitney U test, P Ͼ 0.05, n ϭ 6-12; (Fig.  4 Bottom). Interestingly, the expression levels of TSHB and DIO3 were very low in the TSHR-KO mice. Melatonin treatment had no significant effect on the expression of CGA in all genotypes (Mann-Whitney U test, P Ͼ 0.05, n ϭ 6-12).
Discussion
Of the various available mammalian species, hamsters and sheep are frequently used for studies on photoperiodism because they show robust responses to photoperiodic changes. Unfortunately, however, transgenic and gene-targeting techniques remain unavailable in these species to date. These techniques are available in laboratory mice, but mice are generally considered inappropriate experimental animals for investigations of photoperiodism because they fail to show photoperiodic responses. We found no significant difference in testicular size between mice kept under short-day and long-day conditions for 2 weeks (Fig.  S1 ). This study succeeded, however, in showing robust photoperiodic responses of TSHB and CGA expression in the PT of the pituitary gland and of DIO2 and DIO3 expression in the EC of the MBH in melatonin-proficient CBA/N mice (Fig. 1) . The effects of changing day length on the expression of these genes were consistent with those found in Japanese quail (1), suggesting molecular similarities in the photoperiodic mechanisms of birds and mammals. It is also of note that melatonin secretion profiles of CBA/N mice are different between different photoperiods (Daiichiro Nakahara, personal communication). Thus, certain laboratory mouse strains are potentially capable of transforming photoperiodic information into neuroendocrine responses at the level of the MBH. These observations suggest that, depending on the strain, mice may represent an appropriate model to study the molecular mechanism of photoperiodism in the hypothalamus of mammals.
In mammals, the pineal hormone melatonin plays an essential role in the control of multiple season-dependent functions and behaviors (15, 16) . It is well established that most laboratory mouse strains (e.g., C57BL/6J mice) produce little or no melatonin and represent a natural melatonin ''knockdown'' or ''knockout'' because of a truncation in arylalkylamine Nacetyltransferase (AA-NAT), the enzyme that controls melatonin production (31) (32) (33) . It is therefore not surprising that the expression of the genes encoding for TSHB, CGA, DIO2, and DIO3 did not respond to changing day length in melatonindeficient C57BL/6J mice (Fig. 1) . Because most of the KO mice are hybrids of the C57BL/6J and 129S1/Sv strains, which also lack melatonin (32), we first examined whether the melatonindeficient C57BL/6J strain was able to respond to administration of exogenous melatonin. We found that melatonin administration affected TSHB, CGA, DIO2, and DIO3 expression in C57BL/6J mice (Fig. 2) in a way similar to the transfer of CBA/N mice to short-day conditions.
It is also well established that melatonin receptors are expressed in high density by cells located in the PT, and that they express TSHB and CGA, whereas the EC, which expresses DIO2 and DIO3, lacks melatonin receptors (20, 21) . It was therefore tempting to evaluate whether melatonin regulates the expression of TSHB and CGA in the PT and whether TSH may transmit the long-day signal to the EC as shown for the photoperiodic mechanisms in quail. To address these questions, we first showed the expression of TSHR in the EC and PT (Fig. 3A) . We also performed ICV injection of TSH on animals kept under shortday conditions and showed that this treatment induced expression of DIO2 in a dose-dependent manner (Fig. 3B ). Because the basal expression level of DIO3 was extremely low in C57BL/6J mice, it was impossible to reveal a potentially suppressive effect of TSH treatment on DIO3 expression. These findings are consistent with recent reports on quail and sheep (1, 13) and strongly suggest that melatonin-dependent TSH production in the PT controls the expression of DIO2 (and probably DIO3) in the EC of the MBH. To further verify this hypothesis, we examined the effect of melatonin administration on DIO2 and DIO3 expression in TSHR-KO mice. As expected, homozygous TSHR-KO mice were unresponsive to melatonin administration (Fig. 4) , although melatonin administration elicited similar effects on DIO2 and DIO3 expression in wild-type and heterozygous mice as short-day conditions did in CBA/N mice. These findings conform to the hypothesis that melatonin-dependent regulation of DIO2 and DIO3 expression is mediated by TSH that derives from the PT and acts upon TSHR in the EC of the MBH.
Notably, we found very low expression levels of TSHB in the PT of the TSHR-KO mice as compared with wild-type animals (Fig. 4) . Because TSHR-KO mice die within 1 week of weaning unless fed a diet supplemented with thyroid powder, knockout mice were supplemented with thyroid powder in this study as previously reported (28) . Therefore, it may be assumed that downregulation of TSHB in the PT of TSHR-KO mice is caused by a thyroid hormone diet. However, this is unlikely because expression of TSHB in the PT thyrotroph is not regulated via the classical thyrotroph receptors and their intracellular pathways; that is, (i) PT thyrotroph lacks receptors for TRH (TSH releasing hormone) and thyroid hormones, and (ii) TRH or thyroid hormone treatment does not alter the expression of TSHB in the PT, though it significantly affects TSHB expression in the pars distalis thyrotroph (34) . However, this downregulation of TSHB suggests that TSHR may activate the expression of the TSHB in the PT via a positive feedback loop. Such a positive feedback loop has also been inferred from findings in Soay sheep, which showed that TSH increased cAMP levels and DIO2 expression in the PT and median eminence (13) .
Responses of CGA to photoperiodic changes or melatonin were less robust than those of TSHB. In quail, expression of both CGA and TSHB was upregulated under long-term exposure to long-day conditions, but the temporal dynamics of the expression profiles of TSHB and CGA differed slightly (1) . Under short-day conditions, TSHB expression was suppressed to very low levels, and CGA was rhythmically expressed. Expression of TSHB was rather acutely induced in the first long day, and induction of CGA was not observed during this period. Thus, the mechanisms controlling the expression of these two genes may be slightly different, and this difference may relate to the difference in robustness in CGA expression.
Despite the conservation of seasonal reproduction among various classes of vertebrates, there are some remarkable differences in the regulatory mechanism of seasonal reproduction between birds and mammals. Thus, melatonin is an essential photoperiod messenger in mammals, but it has little effect in birds. Moreover, in mammals, information about the photoperiod is solely perceived in the eye by classical and novel photoreceptors, whereas in birds, deep brain photoreceptors play an essential role in perceiving and transmitting these environmental cues. Irrespective of these species differences, some molecular mechanisms that participate in the control of seasonal functions appear to be conserved in birds and mammals. One of these conserved pathways may employ TSH as a ''retrograde'' messenger, which is involved in the transmission of photoperiodic signals from the PT to the EC in quail (1) and may serve a similar function in Soay sheep (13) and mice (Fig. 5) . Notably, nearly 30 years ago, such retrograde signaling from the hypophysis to the hypothalamus was shown for other hormones derived from the pituitary (35, 36) .
In the present study, we found that certain mouse strains are capable of transforming photoperiodic information, but their reproductive activity appeared to be unaffected at least within 2 weeks of exposure to short-or long-day conditions. Comparison of downstream genes of thyroid hormone action between mice and photoperiodic animals such as quail and sheep may reveal the reason why mice are insensitive (or less sensitive) to the thyroid signals. Seasonal variation in litter size, bodyweight, and sexual maturation in mice has been known for a long time (37) . Future studies are needed to clarify whether mice show photoperiodic responses in physiology and behavior when exposed to different photoperiod for a much longer period.
Methods
Animals and Treatment. Male, 4-week-old C57BL/6J mice and CBA/N mice were purchased from a local dealer and kept under short-day conditions (8L16D) for 3 weeks in light-tight boxes placed in a room at a temperature of 24°C Ϯ 1°C. Food and water were provided to the animals ad libitum. Thereafter, at the age of 7 weeks, the mice were divided into two groups; one group was transferred to long-day conditions (16L8D), and the other group was maintained under short-day conditions (8L16D) for 2 weeks. Brains of the 9-weekold mice were collected at midday-that is, 8 h or 4 h after dawn under 16L8D In birds, long-day stimulus is perceived by deep brain photoreceptors and regulates the expression of TSH in the PT. In mammals, light information is solely perceived by the retina and transmitted to the pineal gland through a multisynaptic pathway that includes the retinohypothalamic tract, the SCN, and the sympathetic noradrenergic system. This pathway controls the production and secretion of melatonin in the pineal. The duration of the melatonin signal encodes the duration of night (darkness). Melatonindependent control of DIO2 and DIO3 expression in the EC may employ TSH as a retrograde transmitter that is released from the PT and acts upon the EC.
or 8L16D, respectively. TSHR-KO (B6;129S1-TshrϽtm1RmarϾ/J) (28) heterozygotes were obtained from the Jackson laboratory, and male and female F2 progenies were used in this study. TSHR-KO homozygotes were placed on a hormone-replacement therapy diet supplemented with 100 ppm desiccated thyroid powder (Sigma) as suggested by Marians et al. (28) . Normal serum T4 and T3 levels were found under this modest thyroid supplement.
For the melatonin administration, mice were transferred to 14L10D conditions at 4 weeks of age. Melatonin injections were performed as described by Yasuo et al. (6) . At 6 weeks of age, the animals received a daily s.c. injection of melatonin (Sigma) (6 g in 0.1 ml 5% ethanol/0.9% NaCl) or vehicle (0.1 ml 5% ethanol/0.9% NaCl) 1 h before lights off for 3 weeks, and brains were collected at midday (7 h after lights on).
Bovine TSH (T8931; Sigma) (0.1, 1.0, 10 mIU/10 l) was injected at 4 h after dawn through a guide cannula (24 gauge, 7 mm) implanted into the third ventricle of 7-week-old C57BL/6J mice that were kept under short-day (8L16D) conditions. Brains were collected 4 h after the injection-that is, at time point when the induction of DIO2 is predicted to occur. Animals were treated in accordance with the guidelines of Nagoya University.
In Situ Hybridization. In situ hybridization was carried out as previously described (38) . Sense and antisense 45-mer oligonucleotide probes for each specific gene were labeled with [ 33 P]dATP (NEN Life Science Products) using terminal deoxyribonucleotidyl transferase (Invitrogen Life Technologies, Inc.). Coronal sections (20 m thick) of the MBH were prepared using a cryostat (Leica Microsystems, Inc.). Hybridization was carried out overnight at 42°C. Two high-stringency posthybridization washes were performed at 55°C. The sections were air dried and apposed to BioMax MR film (Eastman Kodak) for 2 weeks. After exposure to film, each slide was dipped in type NTB2 autoradiography emulsion (Eastman Kodak), diluted twice with sterile distilled water, and exposed for 1.5 months at 4°C. Thereafter, sections were developed and counterstained with cresyl violet (Merck). Gene-specific probes: TSHB, antisense 5Ј-gccattgatatcccgtgtcatacaatacccagcacagatggtggtg-3Ј, CGA, antisense 5Ј-ccagcattgtcttcttggacctggcgggagtgggatatgccctgg-3Ј, TSHR, antisense 5Ј-cagcagtggctcgggtaagagaggtcagcccgagtgaggtggagg-3Ј, DIO2, antisense 5Ј-tgcttgagcagaatgaccgagtcatagagcgccaggaagaggcag-3Ј, DIO3, antisense 5Ј-ctggtaaccgtcggggccacggcctccctggtacatgatggtgcc-3Ј.
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